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COUPARATTVE ANALKIS OP THE DESIGNS AND IMPIEMENTATION 
OP VEmCIES BASED OJ FEACTIVE PROPULSION PROPOSED DURINO THE 
NINETEENIH AND BBGINNIN3 OP THE TWENTIETH CEfnWflES'*" 

^ctor N. SokDlsky (USSR)"*^ 

In studying the hlstoty of rocket technology* the question arises: to what 
extent were the ideas and proposals e:q>ressed during the nineteenth and beginning of 
the twentieth centuries actually realized? This r^Mrt is devoted to a pi^lijidnaz^ 
investigation of this question. 

Examination of the presently known historical scientific literature related 
to the problem of reactive fli^t indicates that considerable attention had already 
been given to this problan in the nineteenth century — suffice it to say that about 30 
designs for reaction flying vehicles were proposed during this period. Inventors were 
attracted by the apparent sirpllcity of the solution to the problem of fll^t with 
engines based on the reaction principle. Hcwever, the authors of a majority of the 
deslgis limited themselves only to a presentation of a diagram of the engine or an 
account of the principle of its operation, giving neither plars for its structural 
development nor precise calculations of the amount of energy required for acconpllshlng 
reaction fll^t. Such an approach was typical of the nineteenth century and is 
indicative of the extremely low level of theoretical developnent attending this problem. 
None of these authors considered the reaction flying vehicle as an Object of variable 
mass, their choice of energy sources was extremely random, and tte theory of the fUgJit 
of reaction flying vehicles ranained completely undeveloped. 


"'^Presented at the Fifth History Synposlum of the International Academy of 
Astronautics, Brussels, Belgium, September 1971. 

Cldef HlstOi. .1 for Astronautics and Aeronautics, National Cormlttee for 
the History of Science and Technology, USSR Academy of Sciences, Moscow. 
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An analysis of the designs of reaction flying vehicles developed and pro- 
posed In the nlneteaith centuiy (Table 1) shows that they can be divided Into three 
grotps, depending on the method for producing lift (the horizontal motion for the 
vdilcles of all three groigps was acconpUshed due to the reaction of ejected particles 
of matter) : 

Qroip one — aerostatic principle — Ughteivthan-air reaction flying vehicles; 
the lift Is produced with a gas lighter than air. 

Gtroup two—aerodsmamlc principle — heavler-than-alr reaction flying v^cles; 
tbs lift Is produced by the flow of atr arotsid the support surfSaces (wings). 

OroMp three — rocket-dynamics principle — heavler-than-alr rocket flying; 
vi^cles; the lift Is produced by the z'eactlon of ejected particles of matter. 

The principle difference between vehicles In the second and third groips Is 
that the atmosphere Is necessary as a supporting medium for the flight of vehicles In 
the second group, vhereas the atmosphere is not only unnecessary, but even detrimental, 
for v^cles In the third group, l.e.. It produces additional drag. 

Flying vehicles of the first group— reaction aerostats — appeared unpromising 
and did not undergo further develcpnent. Reflnansnt of v^cles of the second group 
led evaituKLUly to the creation of Jet aviation, while the v^cles of the third group 
led to the creation of long-range rockets. 

It Is also of Interest to divide the proposed designs Into groups depending 
on the energy source. As preposed, such sources Included: conpressed air or other 

gas, water or alcchol vapor, and also conbustlble products which divided themaelves 
Into three subgroups corresponding to soUd-prcpellant rocket engines (SFRB), liquids 
prcpellant rocket engines (IfRE), and Jet engines (JE). From the point of view of 
examining &nergf sources, the greatest Interest attaches to the designs of S. S. 
Nezhdanovsky tdu>, during tbs first half of the l880s, preposed a design of a Uquld- 
propellmit rocket engine cperatlon with double-conpcxient propellant.^ Liquid hydro- 
cazhons served as the fuel, and nitric acid or nitric oxides as the oxidizer. 

The develcpnent of designs for reaction flying vdilcles In individual 
countries did not adways coincide with the general dlrecticxi of developmert of the Ideas 
of reactive fll^t In the nineteenth century. Thus, for exrnple, designs of v^cles 
belonging to the first group (reactlcxi aerostats) predominated mainly In France, Italy, 
and the 16A, while desl^pis of vehicles belonging to the second group (reacticxi aircraft) 
predominated In E^igland and Oeimany. Together with v^clcs belonging to the first two 
groups, much consldet^tlcxi (six (tesl^is) was given v^cles belonging to the third group 
In Russia. Vfork on such v^cles was also ccxxlucted In ^paln. 

Vi^cles In group three are of the greatest Interest for the history of 
astronautics, l.e., they did not require the atmosphere as a supporting medium and could 
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or aethors* notebooks by < >. 

Z) The table does not include prc^poeals of K, Zhir, V. Angius^ Sh« Luvriet^ S. M. 

Nemirovsky, V. D. Spitsin» and several other authorsi i,e.» in the materials at our 
disposal there are insufficient data about the operating principle and design of the 
vehicles they proposed. 

























be applied In principle for flight In the vacoum of space. However, In all of the 
designs presented above, the authors considered the plication of the principle of 
reactive motion only for flight within the terrestrial atmosphere. Nbt one of than, 
including Arias, Kbal'chlcdi, htedidanovshy, Oarnswlndt, and Fedorov, whose vehicles 
did not require the atmosphere as a suj^rting medium, raised the question about the 
possibility of applying these v^cles for interplanetary flight. Ihls plication 
was first proposed and scientifically Justified by cm of the greatest sclaitlsts of 
modem tines, K. E. Tslolkovsky, vhose name is Inseparably connected with the beginnings 
of rocket and space science and technology. 

Ihe end of the nineteaith and beglmlng of the twentieth caiturles are 
characterized by Increasing Interest In the theory of Interplanetary fU^it. Isolated 
worlcB devoted to this problem aig)eared In a nunber of countries— mainly In Russia and 
Germany. Ihe awearance of these works, whose authors first attenpted to Justify 
theoretically the p(»slblllty of flight In Int iplanetary ^>ace and prc?)08ed sclattl- 
flcally sound designs of spacecraft Intended to solve this problan, indicates that the 
foundations of the theory of space flight began to be formed In Just this period. 

Ihe urge of mankind to explore other worlds had previously arisen In 
earliest antiquity; however, for a very long time that urge was abstract and speculative 
in nature, and was enbodled in the most fantastic fU^t proposals. This was caused in 
part by the repeatedly changing Ideas about the structure of the universe, vMch went; 
throu^ a long and conplex evolution — ^from the Idea of geocentrlclty and the Earth as 
the only Inhabitable celestial object, to the presoit physical picture of the universe. 
Only in the last century and a half. In connection with the development of science and 
tecdmology, did technically more valid space flight designs begin to appear— In the 
foniB of super long-range artillery, circular railways, a gigantic sling, etc. Ho'. >ver, 
none of them could be realized in practice. Only at the end of the nineteenth century 
was the only realistic way for solving the ;^'roblem found— using flying vehicles based 
on the reaction principle. 

Tslolkovsky became Interested In the prpblem of interplanetary fUgit in 
the 1870 's and l 880 's, and In 1897 ^ he derived the now widely known formula of rocket 
dynamics that bears his name and established the dependence between rocket fUgit 
velocity discharge velocity of the products of conbustlon V, , the mass of the 
propellant M^, and the mass of the rocket structure 
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Of course rockets were well known long before TSlolkovsky. Ihey were used 
for fireworks and for delivering signals, for Illumination, and as mllltaiy ordnance. 

Many scientists and Inventors worked can Ijrprovlng rockets, but not one of them proposed 
using them as a neans for acccmplishing interplanetary fll^t. On the other hand, many 
Inventors, even before Tsiolkovsky, thougjit about the problem of flight in space, but 
none of them proposed using rockets for this purpose.^ Tsiolkovsky served to unite 
these two technical directions. Justified scientifically the possibility of the applica- 
tion of the reswjtlon principle for space fli^t, and developed the fundamentals of the 
theory of rocket dynamics. 

At the beginning of the twentieth century a nuntoer of scientists and in- 
ventors, Independently of each other as a rule and often not even aware of analogous' 
prcposals made by other authors, became occupied with the problem of space fll^t. 

Besides Tsiolkovsky and Ganswlndt vto began work in this area at the end of the 

« 

nineteenth century, this problem occupied R. Goddard (USA), R. Esnault-Pelterie (Prance), 
H. Cberth (Germany), G. von Plrquet, P. von Hoefft (Austria), and other investigators 
(Table 2). 

Ccxisiderlng the prcposals in the theory of space fllgjit suggested during the 
end of the nineteenth and the first third of the twentieth century, the very wide range of 
proposed energy sources is noteworthy — from solid propellants (dynamite cartridges and 
smokeless powder) to electrical and nuclear energy and radiation pressure. Also very 
typical, when cc»isl(terlng the possibility of space fli^t, tte authors of this group of 
deslgis gave much rtore attenticai to prbblons of determining the required amount of 
energy and the theoretical calculations of rocket fll^t. 

An analysis of the Tsiolkovsky formila indicates that the most effeo.-lvB 
method for increasing the velocity of rocket fll^t is an increase in the discharge 
velocity of the products of combustion. Thus, efforts of scientists during this period 
were directed to the selectiai of the higjjest caloric prcpeliants having the greatest 
caloric value. Starting from Just these considerations, in 1903 Tsiolkovsky proposed 
liquid hydrogen and oxygen as prc^llant components. He calculated theoretically the 
value of the ideal discharge velocity equaling 5700 m/sec. "I do trot know of a single 
group of substances,” he said in Justifying his choice, "which would liberate such a 


It should be noted that references to rockets used for fllgrtt to other 
celestial objects are encountered in several science-fiction works such as, for example, 
"L'hlstoire comlque des etats de la lune," Cyrano de Bergerac (16^»7 - 1650), "A Journey 
to Venus," Ashil Herlot (I865), and "Prom the Earth to the Moon," Jules Verne (187^). 
However, the topic of all these literary works was not scientific technical designs, but 
rather focused on the fantasies of the novelists. 
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TA3LE 2 

DESIGNS FOR ACCOMPLISHING SPACE FLIGHT PROPOSED AT THE END OF THE 19TH AND 
BEGINNING OF THE 20TH CENTURIES 


r 


Achievement of Space Velocities 

Launch From Orbital 

Energy Source 

— 

Using .Single- 
Stage Rockets 

Using Multi- 
Stage Rockets 

Lcunch From Fly- 
ing Vehicles 

Station and Flight 
into Space 

Solid propellant 

Csntwindt ;1893/ 
(1899) 

Oberth <1909> 

Goddard (1919) 

Canswirdt <190l> 


• 

c 

Hydro - 
carbons 
+ oxygen 

Tsiolkovsky 

(1914) 

Oberth <191S> 
Tsiolkovsky 
(?929) 



! 

a 

*0 

1 

j 

Hydrogen 
+ oxygen 

Tsioikovsky 

(1903) 

Goddard <1907 - 
1909> 

Oberth <1912> 
(1923) 

Kondratyuk 1917 - 
1919 

Taander /1923/ 
(1924) 

Oberth (1923) 
Tsiolkovsky 
(1926 - 1929) 
Hoefft (1928) 

Tsiolkovaky 
(1911 - 1912) 
Oberth (1923) 
Hoefft (1928) 

Taiolkov.ky (19i8) 
Oberth (1923) 
Taander /1924/ 
Hoefft (1928) 

Metals 
(structural 
material) ^ 

Tsandcr <1909> 

Kondratyuk 

<1920> 

(1929) 

Tsander (1924) 


Nuclear energy 

Tsiolkovsky 
<1903 - 1911> 
(1912) i 

Goddard <1907> | 

Esnault-Pelterie | 
71912/ (1913) i 

Tsander <1925> i 

Bing (1911) 



Electrical 

energy 




Goddard <1906> 
Tsiolkovsky <191 1> 
(1912) 

Ulinsky <1915 - 1916> 
(1920) 

Kondratyuk <1917> 
Tsand«?r /1926/ 
Glushko /1920 - 2*5/ 
Oberth (1929) 

Radiation 

pressures 




Kondratyuk <191 7> 
Tsiolkovsky <1921> 
Tsander /1923/(1924J 

Energy source 
not indicated 


Goddard <)909> 

Goddard <1907> 

Pirquet (1928) 


Note: Dates of pro]>osals contained in published works are indicated in the table m parentheses ( ), 
dates of proposals contained in oral reports and materials presented before various organizations 
are indicated in / /; dates of proposals contained in unpubliahed manuscripts and notebo<*Vs are 
indicated in < >« 
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tveaestdaos amount of energy per unit of products wltii ttelr chemical oont)lmtlan.*'^ 

I| 

Dlls sere propellant was later considered by R. Goddard (1907-1909)* 

H. Oberth (1912-1923)f Yu. V. Kxidratyiik (1917-1919)? P. A. 'Rsander (1923)1 and otter 
Investigators. HDViever, the enersr requlrenents of the propellant ofcen conflicted 
tdth operational requirenents. Ihe application of sudi caeponents as liquid bydroeen 
and oiygen Involved great operational difficulties. Fforeover, during the first quarter 
of the twentieth century the production of liquid hydrogen In quantities sufflclerd: fbr 
practical requlremencs did not exist. Ihus, the authors of a ruder of designs dis- 
cussed less caloric, but safer and ncre avall^le propellants, repladng the liquid 
hydrogen with various hydrocarbons (sub as, fbr exatple, alcohol, gasoline, kmnsene, 
etc.). 

Others soon learned that there are fuels having a greater caloric valu 

than the coeblnation of hydrogen and oxygen. In 1909 Tsander first arrived at the 

thou^t of the posslhlUty of using the structural naterlals of the Interplanetatry 
a 

craft as fuel. Beginning in 1917, he began experiments In the Ignition of molten 
metals, and soon (htalned nunerlcal values of the caloric value of nagieslum oxide 

Q 

and other materials. During 1920-192<», Kondratyuk also wrote about the possibility of 
using hl^-calorlc metals as fuel.^^ However, even this path — the application of hig>- 
calorlc metallic fuel— did not make It possible to solve the problas of space flight 
during this time. Calculations Indicated that slr^e-stage rockets operating with 
chemical propellant could not (with a feasible mass ratio of propelLant-to-structure) 
even achieve orbital velocity. Ihus, scientists and Inventors continued to search for 
other foirtB of energy slgilflcantly exceeding the energy of chemical propellants. 

Nuclear energy was o-^ siich form. In one of the unpublished manuscript 
versions of the work "Explcration of Space with Rocket Devices," ’’^iolkovsky had already 
indicated the possibility of using the energy of the atom, ihlch ipon disintegration 
releases "particles movlri; with the velcxlty of ll^t (or close to It), i.e. , 6000 times 
note rapid than particles of water vapor. The proposal for the vise of enerar of 
atomic decay for space fU#it is also found In the manuscripts of Goddard In 1907.^^ 

R. Esnault-’^lterie struck ipcxi the possibility of using nuclear energy for ^>ace 
fli^t during this same year. He expressed this Idea In a report given in November 1912, 
and pihllshed In 1913-^^ 

Electrical energy is another promising form of energy for space fUgJit, 

wherein the propellant Is accelerated to very hl^h discharge velocities In the rocket 

engine. Tisiolkovsky^^ and OoeWard^^ indepaidently of each other, had already arrived 

at the Idea of producing electro-rrxdoet engines during the first decade of this century. 

17 

Tsiolkovsky first piblished this idea in the Journal Viestnlk vDzdukhoplavarriya (1912). 

Goddard conducted experiments directed toward producing an ion rocket engine in 1916- 
1 R 

1917. In 1920, he obtained a patent for "A t«thod of and means for producing 
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electrified Jets of Ikirlns this saoe /nt, P. UUndgr (Austria) publicly dls- 

20 

cussed Ills Ides of producins electron s(>aoecraft, sn Idea he had conceived during 

21 

1915-1916, SB several authors have vwlfled. The probleiK of using electro-rodoet 
engines fbr apace fU^. later occipled R. Ooddard (1916-1929), lu> V. Kondratyuk (1917- 
1919), K. E. fWoUtovslQr (1921-1925), P. A. Tbander (1926), P. UUn^ (1927), V. P. 
Glushko (1928-1929). and H. OberOi (1929). 

Dicing tte first third of this centmy, hoiievar, proposals to use these 
ftne of enersT fhr solving the problen of apace flight could be considered only as 
poten ti al develcpoents; l.e., the state of technology did not yet peralt creating the 
pr opo se d engines in a fbn suitable fbr use In flying vehicles. Moreover, these low- 
thrust engines could find practical application only after overcoDlng the gravitational 
pul 1 of the Earth and the escape of the flying vehicle Into a space orbit. Das, the 
problem of finding a practleal near-term loethod for achieving q>ace velocities contliued 
to hauit the Investigators. 

A second my to Increase the velocity of rockets, also following direculy 
ftw ttie laiolkDvsky fonaila. Involves altering the passive mass of the rocket during 
flight, ilnalysls of the ft nda cental equation of rocket dfnand.cs led to the conclusion 
that, to Increaae ttie velocity of a rodoet In it is necessary to eliminate un- 

necessary structural elements as soon as possible wltfa the depletion of propellants, 
ihile retaining only those parts ihich are neces sa ry for the subsequent normal flnctlonlng 
of the rocket. Starting with this. In 1909 Goddard arrived at the idea of multi-stage 

rodoets.^ Dr. 1911, A. Bing obtained a patent^^ for "A vehicle for Investigating the 

'f* 24 

vpper layers of the ataoaphere,” that also contained this Idea. Di 1912, Ibander also 

2*5 

perceived the sultablU^ of ejecting Individual exhausted structural elements. Ihls 

26 

sane proposal Is contained In the works of Kondratyidc of 1917-1919* 

But the multi-stage rodoet idea was expressed most cospletely In 1914 by 

27 

Goddard, who obtained a Ikilted States patent for a two-stage rocket during this year. 

28 

In 1919, he p r oposed using a two-stage roc st for sending a projectile to the Noun. 

Hie Bultl-stage rocket i^ca fbr space fU^t was later developed by Oberth, who considered 

It In detail In his work of 1923?^ and by Tslolkovsky, who developed In 1926-1935 the 

30 

ftai da ne nt als of the mathematical thecny of nultl-stage rockets. 

ihe use of the principle of multi-stage rockets permitted solving the 
problem of achieving space velocities In the shortest possible time. Di fact, experi- 
mertal work had alreadf begin In the 1930s In a nurber of countries; an altltute on the 
order of 400 km was adileved in the 1940s with a two-stage rocket, and in 1957, the first 

^In this connection, there is no patent of A. Bing In the Soviet Ihlon. 
Information about his desl^ is given on the basis of reference 24. 
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artificial satellite of the Earth was sent Into orbit with the help of a two-stage rocket 
with five engines. Jtiltl-stage rockets are now very widely used. However, the applica- 
tion of this principle did not conpletely solve the problem of ellmlnatir^ the negative 
effect of the passive masses of the rodcet. The unnecessary parts of the rocket were 
slnply ejected, without bringing any benefit. H«js, other Investigators be^n to 
consider the possibility of using these parts for Increasing the active mass of a rocket 
(l.e., the mass of the propellant). 

TSander (1909)?’ and scneihat later Kondratyuk (1920)|^ gave an afflrnatl'je 
answer to this question, proposing the use of the structiiral parts of the rocket as 
additional fbel.^ Ihls proposal was published in the 1920s|^ althou^ It has not yet 
received practical realization. Scientists and engineers at present cannot give a firm 
oiswer to the question about the probability of Its irplementatlon In the fbture. But 
this proposal was examined rather thorou^ily in the 1920s, and excited significant 
Interest- 

The third method for solving the problem of a^evlng space fll^t veloc- 
ities attracted great attention among Investigators, particularly at the Initial stage of 
the creation of the theory of space fll^t. It involved firing the rocket not directly 
from the Earth, but from a hl^ altitude launcdi base \dilch could be, in the opinion of 
the Inventors working on this problem, either a hi^ mountain or a flying vrfiicle that 
would raise the rocket to a sl®Tlflcant altitude. Sudi a proposal was first sxiggested 
at the beginning of the twentieth century by G. Ganswlndt, who proposed raising his 
spacecraft as hl^ as possible with helicopters, and only then starting the rocket 
engine.^ Analogous proposalr (but with the use of aircraft — aerostats) were also 
suggested during the first quarter of the twentieth century by Goddard (1907), 

Iblolkovsky (1911)^ Qberth (1923)? and von Hoefft (1928).**° 

Ibis approach attracted the attention of Inventors because it would elimi- 
nate the necessity of overcoming tlie drag of the lower, denser layers of the atmosphere, 
and would therefore ecorwmlze on the amount of energy required. However, Its practical 
acconpllshment presented slgiiflcant difficulties, conpletely insurmountable at that time; 
indeed. It has not yet been practically enployed. 


It should be noted the notebooks of Goddard for 1908 ^ and also his 
manuscript of 1913^** contain mention of "rockets consisting almost entirely of propellant" 
or even "consisting conpletely of fuel." However, on the basis of material of Goddard 
at our disposal, it is not possible to respond unambiguously to the question whether 
the proposal In this case was the use of elements of the rocket structure as propellant 
or slnply conslderatloti of the theoretical case with negligibly small mass of the 
structure as corpared to the mass of the propellant (or a hjrpothetlcal design case with a 
conbust5ble shell), especially as there is no direct Indication of the use of metallic 
fuel anywhere in the materials of Goddard known in the Soviet Union. 
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Using an artificial satellite of the Earth as an "Internedlate station," 
(l.e., to laiaxA a spacecraft fron an artificial satellite) appeared more promising, 
nils proposal Is encountered In the irarlcs of a nunter of Investigators. In 1928 von 
Pirquet considered the problem of using artificial satellites of the Earth as Inter- 

2ji 

mediate interplanetary stations In detail. Kondratyuk expressed a very Interesting 

Idea using an artificial satellite of the Nxn as an internedlate base for interplanetary 

ho 

flints. The idea of using artificial satellites of the Earth as Internedlate bases 
is very premising, and is an elenent in a nu..^r of present deslgis for reaching distant 
celiistlal objects. Howe';er, even today this proposal, thou^ considered In nunerous 
deolfpis, has still not obtained practical realization (because of Its ccnplexlty). 

Some investigators also considered the Noon, the natural satellite of our 
planet, and other celestial objects as intermediate interplanetary stations. As a rule, 
they started fVom the prendse that elem^ts would be found cn them which could be used 
as propellant caiponents. They also accounted for their si©xlficantly smaller mass (as 
coqpared to Earth), »*ich made escape velocity possible with significantly smaller pro- 
pellant consLBptlon. However, none of the mentioned investigators considered the pro- 
blems of obtaining and processing the required materials, preparation of the launch com- 
plex, and other operations related to the technical organization for preparing and 
launeWng spacecraft once on the Moon or another celestial object. 

Scientists woricLng on the solution of the problem of space fli^t during 
the first quarter of the twentieth c«itury also suggested using radiation pressure for 
fli^t in interplanetary space. They gave the corpletely correct relation between le 
periods of operation of engines of the various t^s. Fbr fli^t to and rrem Earth, 
times when it is necessary to overcome the gravitational attraction of the Earth and to 
lirpart si^Tiflcant accelerations to the spacecraft, they indicated that one should use 
the ener^ of chemical prcpellants; after escape into orbit and at a sigilflcant distance 
from the Earth, with fll^t in Interplanetary space, one should use the enen^ of radia- 
tion pressure. 

Consideration of the proposals made during the first quarter of the 
twentieth century on possible methods for achieving space velocities for space fll^t 
indicates a very wide range in the proposed form of ener©r, as well as the structural- 
conconent designs for spacecraft. During this time, the following questions were 
examined: 

. production of liquid-propellant rocket engines; 

. application of high-caloric metallic fuel; 

. wher forms of ener©r (nuclear and electro-reaction engines, 
solar radiation pressure); 

. the structural material of the rocket itself as additional fuel; 
application of rrulticorrponent and nxilti-stage rockets; 
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• Intermediate Interplanetary bases In the form of 
artificial satellites of the Earth and other celestial objects; 

• application of win^ for a gliding descent to Earth and other 
planets having atmosp^ieres; 

• the relative motion of celestial objects for acceleration or 
deceleration of ^cecraft. 

At thrj same time, other problems were also considered: the launch of spacecraft, deter^ 
mb^t^.on of the optimum angle of launch, search for optimum trajectories and fli^t 
modes . ^>acecraft heating with passage throu^ dense layers of the atmosphere, life sip- 
port ystems for the crew, return of the craft to Earth, analysis of fll^t trajectories 
of spacecraft, and a number of other scientific and technical questions related to the 
problem of ^ce fll^t . 

Thus, the works of the theoreticians of astronautics in the initial period 
of the development of rockets and space science and technology that ended in the 1920s 
provided the fundamental solutiai of the basic problems and established the principles of 
the theory of space fli^t before reliable rocket engines and rocket vdilcles had been 
produced In any single country. At the same time, many investigators were sep>arated from 
Imneciate practical problems and very often looted for solutions in such remote areas as 
us ng electro-rockets, nuclear engines, solar radiation pressure, and the like. EXrring 
th development of the theoretical pidnciples of sp>ace fli^t, many other problems were 
raised and solved '>arately from the main stream of the development of rocket technology, 
without;. Vitilch the practical solution of the problem of space fli^t would have been 
iirpossfbie. 

At the end of the nineteenth and beginning of the twentieth centuries, to 
be sure? »roctets were no longer used as military ordance . Nevertheless , attenpts were 
repeatelly made to reactivate this weapon, p>airtlcularly in the years L^nedlately pre- 
ceding che First World War, The contenporary successes in the area of aeronautics and 
aviation ajgered a . military role for an air force in a future war. In this con- 
necticHi, autenp' * were soon made to produce a new type of mllltaiy rocket for anning 
flylr^; vdiic!! . WbiSc was also conducted on producing rockets Intended for field battles. 

Analysis of the experimental woiSc in the area of rocket technology carried 
out the beginning of the twentieth century indicates that desigiers and inventors 
wor* Lng oi rockets had to solve, in essence, the same basic problems that confronted 
in t^ie middle of the preceding century: to increase the range and lrprx)ve the 
accuracy cf rockets. However, the progress achieved in other areas of technology now 
permitted solving many of these problems. At the beginning of the twentieth century, 
seamless r teel cases began to find application in rocket construction and iiproved 
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neasurlng instrumentatlc»i began to be used. Msthods for stabilizing rockets became more 
refined. The majority of projects at the beginning of the twentieth century eliminated 
guiding rods and replaced them with other forms of stabilization — by applying stabi- 
lizing surfaces or employing the ®rroscope effect. 

But the level of scientific knowledge in the area of rocket ccxistructlon 
during this period remained as low as before. Most of those working on the creation of 
new forms of rockets were not acquainted with the theoretical works in the area of re- 
active motion, and In a nunber of cases held to naive, often erroneous Ideas about the 
cause and nature of the reaction force. They did not even atteipt to solve the theo- 
retical problems related to the velocity and range of rocket fll^t and, as a rule, 
were corpletely uninterested in such coi'iepts as the efficiency of .he rocket engine 
Itself, or the entire rocket as a whole. 

A basic deficiency in almost all rocket desigris at the beginning of the 
twentieth century involved the adherence, as before, to corparatlvely lew caloric 
propellants, such as black pewder, as the energy source. This hindered the progress 
of rocket technology and led to tactical, technical, and operating data that differed 
little in essence fran the rockets produced in the middle of the nineteenth century 
(conparatively short range, sl^flcant scatter, pranature r\pture of the rocket case). 
Thus, the problem of producing military rockets coirparable with rifled artillery had 
not been solved up to the First Vforld War, Satisfactorily operating flare rockets also 
had not been produced. Rirther improvements in rockets called for replacing black 
powder with an improved, hl^ier caloric rocket prcpellant. Replacing gun powder with a 
hi^ier caloric rocket propellant — smokeless pewder — had been discussed often at the end 
of the nineteenth and beginning of the twentieth centuries by B. T. Unge, R. H. Goddard, 
I. P. Grave, V. A. Artem'yev, and other investigators. The greatest successes in this 
direction were achieved by Goddard, who successfully carried out experiments with smoke- 

Jic: 

less powder rockets with completely satisfactory results. 

Rockets remained practically unused as war material during the First World 

War (except for individual cases of applying incendiary rockets against enemy aircraft). 

Other forms of rockets (signal, flare) were also little used duilng the war years. 

Attempts by various inventors to improve rocket projectiles were unsuccessful. Only at 

the very end of the war did Goddard develop and produce samples of successful, albeit 

46 

experimental, mllltaiy rockets. 

At war's end, interest in rocket projectiles declined sharply and work on 
them In a majority of countries was discontinued. At the same time, interest in the 
possibility of using rockets for interplanetary fll^t increased significantly. Be- 
ginning in the 1920s, influenced by the works of 'ftiolkovsky, 0bei?th, Goddard, aj-,d otl^jr 
Investigators occupied with problems of space flight, an ever Increasing number of 
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people began to think about the possibility of penet**ating space; groins, unions, and 
scientific societies. Joining people interested in these problems, arose in various 
countries as more investigators became involved in the scientific problems related to 
the iJiplementation of space flight. Nonetheless, a majority of those working in this 
area erred sigiiflcantly in estimating the possible time for acconplisMng space fli^t 
(these estimates varied from a feur years to several centuries)— either guessing much 
too soon, or much too far in the future. 

One of the most conplex problems confronting investigators in the area of 
astronautical theory involved ttie possible sources for financing space fll^t projects. 
This problem inevitably confronted anyone who attenpted to move from theoretical specu- 
lation to the practical lirplementation of his idea. It is striking that virtually no 
one devoted himself to a clear accounting of what e^^nditures of effort and means were 
actually required for a program to acconplish space fll^t. However, it soon became 
clear that such expenses could not be managed by ixKiividuals, or by entire organizaticxis, 
unless these organizations were interested in solving practical problaTs and obtaining 
ccMicrete results. The renewed interest of military circles in rocket armament inter- 
vened. 

At the end of the 1920s and the beginning of the 1930s, military interest 
made a definite inpression on the subsequent development of rocket research and, to a 
certain degree, determined a break in the development of rocket technology. It also 
became clear during this time that space fll^t could not be acconplished in the lime- 
diate future, l.e., neither the contenporary scientific and technical potentialities nor 
the required material means were sufficient for this endeavor. Ihe discrepancy between 
the hl^ level of theoretical development and the cc»itenporary technology limited by 
practical potentialities was very typical (at the end of the 1920s and beginning of the 
1930s). Ihus, the beginning of the 1930s marked a rather sharp trsmsition, avray from 
research directed toward space fll^t, and toward investigations of a strictly applied 
nature, directed toward the solution of specific problems confronting rocket technology. 

Now, the development of rocket technology included a large group of inves- 
tigators who could be referred to as the second generation of pioneers, who carried the 
burden of work in creating the first rockets of a new type (liquid propellant). To 
overcome the skepticism and guarded attitude of the broad masses, they had first of all 
to show that rockets actually could achieve specified altitudes and fll^t ranges. 

The specialists working during these years In the area of rocket technology directed 
their efforts mainly toward creating liquid-propellant rocket engines and ballistic 
rockets. 

In the develc^ment of ballistic rockets (Table 3) , one can clearly distin- 
guish two main directions: solid-propellant and liquid-propellant rockets (SPRE and 
LPRE, respectively). The first of these — solid propellant rockets — continued the many 


15 



TABLE J 

BALLISTIC AND WINGED ROCKETS TESTED IN FLIGHT UP TO THE BEGINNING OF THE IQ40 
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centuries of development of ndlitaxy and pyrotechnic black powder rockets. However, In 
place of this unpromising form of prx^llant, the rockets of the twentieth century 
began to feature smokeless powder on a conpletely different basis— the so-called double- 
base pcwder consisting of nitrogl 5 rcerin and nitrocellulose. 

Double-base pcwders have a nurrber of advantages: they possess 
hi^r caloric energy, are significantly less dangerous to handle, and withstand much 
longer storage times and sigiificant variations In tenperature. It is true that many 
disadvantages characteristic of the old powder rockets remained— the practical Inpos- 
slblUty of regulating the thrust, the necessity of placing all the propellant in the 
coni)ustlon charrber, the inpossiblUty of relgnltlng the engine, and the lower energy 
coi?tent of the powder as corrpared with liquid propellant. However, solid-prcpellant 
rockets also had a nurrber of advantages. In particular their constant readiness, that 
permlttei them to corrpete successfully in a nurrber of cases with liquid-propellant 
rockets. 

The second major direction — ^liquid-propellant rockets — was more promising 
for acconplishlng space fll^t fVom the energy point of view, i.e., they could use 
much more energetic prcpellants. Moreover, the use of liquid propel' nts permitted 
their gradual IntrxDduction into the coirbustion chanber, vdilch slirpliiied the solution of 
whole series of structural and technological problems. 

In an overwhelming majority of the rockets fli^t-tested during the 1930s, 

liquid oxygen, considered by investigators as most effective from the energy point of 

view and most promising for future space fli^t, was used as the oxid'^zer, Ifowever, 

its application Involved significant difficulties of an cperaticnal nature. Moreover, 

under the specific conditions (with the scales of rockets of that time) , the application 

of oxygen did not give the eicpected energy gain, conpared to the less caloric, but denser, 

hi^^er-bolllng oxidizers. This also resulted in the tendency to use hl^-boillng 

oxiv^izers in a nunber of designs which were more convenient in operational respects. 

The most successful work on hi^ier-boiling nitric acid LPREs was carried out during this 

period in the USSR, where several dozen such engines were produced during the first half 
47 

of the 1930s. The best of these — ORT4-50, ORT^52 and OFM-65 — gave thrusts from 150 to 
300 kg, with a specific lirpulse up to 210-215 sec. The experience in work on these 
engines was also later used for producing aviation LPREs. 

In addition, a great variety of structural solutions, conponent designs, and 
methods for stabllizatlcm and control were typical for the liquid-propellant rockets of 
this time, because the theory of rocket desl^i was still very poorly developed, and this 
work was almost exclusively enptrlcal. 

'Ihe initial period of liquid-propellant rocket development, which encom- 
passed about 20 years (1926-1945), can be divided into three stages. Tire basic problem 
ccxifrontlng investigators during the first stage (the end of the 1920s and beginning of 
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of the 1930s) was TOrificatlon of the possibility in principle of producing liquid- 
propellant rockets. Hie nialn attention of investigators during these years was 
concentrated on producing an operational LPRE. After this problem was solved in prin- 
ciple by the efforts of scientists and desisiers of a nuiriber of countries (USA, Germany, 
USSR, etc.), and it was practically proven that a liquid-propellant engine could operate 
and produce a thivst sufficient for launching a rocket vehicle, a new problem conftxinted 
investigators; to provide for extended, safe, and reliable operation. This stage en- 
coiipassed the mid-1930s. The engine remained the principal focus of attention of 
scientists and engineers woiiclng in the area of rocket technology during both the first 
and second stages. 

IXiring ttils second period the investigators occtqpied themselves with such 
problems as the selection of the most convenient propellants, the methods for their 
delivery to the combustion charfcer, the organization of a stable burning process, 
provision for a sufficiently reliable cooling of the combustion chantjer and nozzle, and 

ha 

other problems related to providing stable and reliable operation of the englner. 
However, in the mid-1930s, >hen it became clear that the problem of producing a liquid- 
propellant rocket engine was basically solved (althou^ a whole series of theoretical, 
structural, and technological problems renained), a new problem ccwifTonted investigators 
the necessity of producing control systems capable of providing stable fll^it of rocket 
vehicles on a specified trajectory. 

This problem was not new theoretically, l.e., the pioneers of theoretical 
astronautics had not ignored the problem of rocket vehicle flight control. However, 
there was no practical experience in working in this area, as there had been essentially 
no sufficiently thorou^ scientific investigation of this problem. IXirlng the third 
stage of development, corpasslrg the second half of the 1930s and the beginnirg of the 
19**0s, even this problem was successfully solved in principle and, with consideration 
of the experience accumulated in producing automatic aircraft fllj^t control systems, 
controllable rockets — already rather sophisticated for their time — were produced. 

The significant increase in the scale characteristics of llquld-prq^ellant 
rockets was also a distinguishing feature of this stage. While by the mid-1930s the 
thrust of LPRE tested in rockets did not exceed 30 kg, the maximum launch wei^t of 
of rockets was no mere than 165kg, and their flight range did not exceed ^(-6 km; but 
rocket engines with a thrust of 25-27 T and ballistic rockets with a launch weight ex- 
ceeding 12 T and fli^t range of about 300 km were produced in the 19^103 during the 
latter stage. 

Along with ballistic rockets, winged rockets were also developed and used 
corrparatlvely widely during the 1930s for carrying out vaitlous experiments and flight 
Investigations. They acted as an intermediate link between ballistic rockets and rocket 
gliders. Winged rockets were studied during this period in Germany (Tilling, 1932), in 
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the USSR (RNII, 193^-1939) > and In other countries. Winged rockets were later used 
during World II. 

problem of producing Jet aircraft was also solved in principle during 

the 1930s. Ihe first practical attenpts to acconplish manned fll^t in heavier-than- 

air reaction powered vehicles occurred at the end of the 1920s, when the first reaction 

, SO 

gliders and aircraft with SPRE were tested in Germany."^ Inventors dwelt Initially on 
solid-propellant engines (ordinary pcwder rockets) as the propulsion plants for reaction 
aircraft, largely because these were the only reaction engines checked in practice. 
Moreover, their sinpllclty, accessibility, and corparatlve adjustability of productic»i 
played a great role. 

However, engineers soon learned that solid-prcpellant avlatiai engines have 
a nunber of serious disadvantages vMch make it pracclcally iirpossible to use them as 
the main propulsion plants of flying vehicles (they were used scanewhat later as sup- 
plementary engines — launch boosters). Ihese disadvantages include: 

. lirposslblllty of regulating thrust or repeated starting of 
the engine; 

. corrparatlvely low energy content of the solid propellants 
then known; 

. the hi^ relative wei^t of the propulsion plant. 

Thus, attenpts to apply solid-propellant engines were soon abandoned, and a new proposal 
was suggested at the very beginning of the 1930s — to use llquid-prcpellant rocket 
engines having a nunber of advantages conpared to SPRE as the main propulsion plant of 
flying vehicles. At the end of the 1930s and beginning of the 19^0s, this proposal was 
realized with successful flints of such experimental aircraft and gliders as the He-1?6 
(Germany, 1939), RP-318-1 (USSR, 19^0) Me-l63B-l (Germany, 19^1), BI-1 (USSR, 1942), 
Northrop MX-324 (USA, 1944), etc. (Table 4). 

Ihe successful fli^t tests of aircraft with LPRE demonstrated the possi- 
bility of using this type of engine as a main propulsion plant. Hcwerer, excessive fuel 
comsuirption made its application economically inefficient. 'Therefore, neither in this 
period nor later (even to the mid-1970s) did liquid prcpellant rocket engines become 
very widely applied in aviation as the main propulsion plants of aircraft flying within 
the Earth’s atmosphere. 

This particular subject has obvious interest, because even at the beginning 
of the 1930s, in selecting the best possible type of reaction engine for aircraft, a 
majority of inventora and designers dwelt on liquld-propellart rocket engines and not on 
Jet engines that had a nunber of obvious advantages and, in the final analysis, later 
became the main type of aviation propulsion plants used for reaction aircraft. This 
question — why Jet engines (JB) lagged In development — requires more detailed investi- 
gation. However, several preliminary con’lusicns can be expressed. An essential role 
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JET PROPULSION AIRCRAFT AND GLIDERS TESTED IN FLIGHT FROM THE END 
OF THE 1920b TO THE FIRST HALF OF THE 1940s 
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Note: Numerical dates in parentheses refer to the month and year. 



















evidently^ waa played by the relative sljipllclty of liTC as conpared to turbojet engines 
(TJE), and because at the beginning of the 1930s there was practically no detailed JE 
deslgi. Also Inportant at this time, the problem of applying reaction engines In 
aviation was being studied principally by Investigators »tose main Interests lay In the 
area of the develc^snait of rocket technology and the theory of space fU^t, which also 
determined their Interest In IPRE. Moreover, this type of propulsion plant promised an 
Interceptor aircraft with a rapid ascent rate, capable of flying at great altitudes, 

l.e., under condltlcns jtfiere the atmospheric oxygen would be Insufficient tn vjks aa an 
oxidizer. 

All of these factors evidently caused attention to focus cxi 'PREs at 
beginning of the 1930s. However, oiglneers socxi realized that rocket engines (u 
LPI^ and SFRE) could not satisfactorily solve the problem of producing eervlceablt 
reaction aircraft, and that engines using the oxygen of the surrounding tUr as the 
oxidizer were more efficient. Various countries successfully ^Ucd this type of 
engine at the beginning of the 19^0s In reaction aircraft, and It later received very 
wide application. Ihus, our analysis of the designs of reaction flying vehlc;les 
proposed and developed in the nineteenth and first half of the twentieth centuries 
Indicates that two principal groups of flying vehicles were developed during this 
period: ballistic rockets based on the rocket-dynamic principle for producing lift, 
and reaction aircraft based on the aerodynamic principle. Sustained work In these two 
areas of Interest predetermined Arrther advances In aerospace tedviology In the mid- 
twentieth century. 
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